Virulent Es and avirulent E8 strains of Erwinia amylovora were shown by means of light, transmission, and scanning microscopy to be, respectively, encapsulated and unencapsulated. Difficulty was encountered in stabilizing the fibrillarappearing capsular extracellular polysaccharide. We suggest that the ephemeral nature of extracellular polysaccharide is due to the collapse of its extended structure upon dehydration. This occurs when bacteria are prepared for either transmission or scanning electron microscopy. The electron micrographs support our previous biochemical and immunological studies contending that the capsule is composed of tightly bound and loosely held components. The preparation of bacteria in freeze-dried colonies has permitted us to observe and explain the fluidity of the encapsulated strain. We suggest that this fluidity is a reflection of the loosely held extracellular polysaccharide or slime.
Virulent Es and avirulent E8 strains of Erwinia amylovora were shown by means of light, transmission, and scanning microscopy to be, respectively, encapsulated and unencapsulated. Difficulty was encountered in stabilizing the fibrillarappearing capsular extracellular polysaccharide. We suggest that the ephemeral nature of extracellular polysaccharide is due to the collapse of its extended structure upon dehydration. This occurs when bacteria are prepared for either transmission or scanning electron microscopy. The electron micrographs support our previous biochemical and immunological studies contending that the capsule is composed of tightly bound and loosely held components. The preparation of bacteria in freeze-dried colonies has permitted us to observe and explain the fluidity of the encapsulated strain. We suggest that this fluidity is a reflection of the loosely held extracellular polysaccharide or slime.
The function of the extracellular polysaccharide (EPS) envelope of gram-negative bacteria has become clearer in recent years. Evidence suggests that EPS provides certain species of the Enterobacteriaceae with advantages for survival (25) . Cheng and Costerton (7) have described EPS as the outermost mediator between the organism and its environment, as well as the first portal of entry and the last barrier to excretion. EPS provides an unparalleled diversity in both composition and structure at the bacterial cell surface, which probably imparts the observed adaptive capacity of some bacteria to a hostile environment (8, 24, 26) . For example, four different monosaccharides can be arranged in more polymeric combinations than 20 amino acids in a polypeptide of similar size (21) . There is strong evidence that suggests that these polysaccharides dissuade phagocytosis and, hence, Glynn (12) has termed them "impedins." EPS may also prevent predation by other microrganisms (19, 25) , and they may also impede desiccation of the bacteria (26). Ayers et al. (1) have presented good evidence that EPS is the initial receptor for the binding of certain bacteriophages. There are also ample data that indicate that EPS serves in aquatic environments as an adhesive which permits bacteria to become affixed to solid surfaces (26) . Ion binding of heavy metals by these acidic polymers may preclude toxicity or be a first step in the uptake of required ions (4 be precluded from passage, through EPS by virtue of its three-dimensional structure.
Of primary importance are the data that suggest virulence to be closely associated with capsules or the presence of special antigenic surface polysaccharides (1, 3, 23) . Sequeira and Graham (23) studied 55 virulent isolates and 34 avirulent variants of the plant pathogen Pseudomonas solanacearum from different geographical regions, representing all major races and biotypes, and noted that all virulent isolates produced EPS, whereas all the avirulent ones were EPS deficient. Ayers et al. (1) reported that virulence of Erwinia amylovora, a pathogen of several rosaceous plant species, is correlated with EPS production. An array of isolates varying in virulence was correlated with the amount of EPS produced in vitro. Further, all isolates resistant to EPS-specific bacteriophages were avirulent.
In this report, we have followed the definition of Roth (22) for bacterial capsule, namely, "those carbohydrates which are microscopically (light and/or electron) demonstrable layers external to the cell wall which have a definite boundary and which remain adherent when the cells are suspended in water." The nonadhering polysaccharide, or slime, is also described; however, its precise relationship to capsular polysaccharide remains obscure.
The purpose of this study was to visualize the actual physical structure of the EPS, both adherent and nonadherent, to determine how these structures might influence pathogenesis.
EPS OF E. AMYLOVORA 597 lection of the Department of Plant Pathology, University of Missouri-Columbia, were used exclusively throughout this study. The bacteria were cultured on nutrient yeast glucose agar, the cultures were either 24 or 48 h old, and the incubation temperature was 270C (1).
Light microscopy. The presence of EPS on the two E. amylovora strains was studied by using the wet India ink method of Duguid (10), modified slightly. Twenty-four-hour-old bacteria (Es, E8) were mixed in a droplet of 0.2 M cacodylate buffer, pH 7.0, with 2.5% glutaraldehyde and placed on a glass slide, and then a droplet of India ink (Pelikan, Hannover, West Germany) was added to the mixture. The preparation was thoroughly mixed, examined under an oil-immersion lens (x1,250), and photographed with a Leitz Dialux microscope, using interference filtration and Kodak black and white film (SO-410).
Transmission electron microscopy. Bacterial cells from 24-h-old agar slant cultures of Es and E8 were covered with 10 ml of 2.5% glutaraldehyde and ruthenium red (10 mg/ml) in 0.2 M cacodylate buffer, pH 7.3 (17) . The slants were kept at 40C in an ice bath for 30 min, after which the bacterial mass was scraped from the slant surface. The resultant suspension was centrifuged for 13 min at 2,000 x g (4,000 rpm), and the supernatant was removed; then 0.5 ml of warm (450C) agar was added so as to envelop the pellet and was allowed to cool and solidify. Agar blocks (1 to 2 mm3) containing large bacterial masses were poststained with 2% osmium tetroxide and ruthenium red (10 mg/ml) in cacodylate buffer (0.2 M, pH 7.3) for 3 h. After several washings with fresh cacodylate buffer, the blocks were dehydrated in a graded ethanol series (20, 40, 60, 80 , and 2 x 100%) and embedded in Epon 812. In an effort to stabilize the extracellular polysaccharide, bacterial cells of E. amylovora were treated with antiserum as follows: bacterial cells of Es and E8 were washed from slants with phosphate-buffered saline (0.025 M, pH 7.3) at room temperature. One milliliter from each suspension was transferred to a centrifuge tube, and 50 p1 of nonabsorbed antiserum (raised against whole cells of E9) was added to the suspension of Es and E8, incubated for 30 min, and then centrifuged for 15 min at 2,000 x g. The pellets were resuspended in cacodylate buffer (0.2 M, pH 7.3) and centrifuged as before. The fixation and embedding were performed as described above.
Scanning electron microscopy. Petri plates containing nutrient yeast glucose agar with 24-h-old colonies of Es and E8 were flooded with 3% glutaraldehyde in phosphate buffer (0.1 M, pH 7.0) at 4°C for 4 h. Then the plates were successively flooded three times with phosphate buffer during a 2-h period to remove the fixative. Subsequently, the plates were flooded with 2% OS04 in 0. 
RESULTS
Comparison of colony morphology. On triphenyl tetrazolium chloride agar (16) the colonies of the E9 virulent strain are large, whitishpink, and mucoid, whereas the colonies of the avirulent E8 strain are much smaller, reddishpurple with a narrow white margin, and butyrous ( Fig. 1 and 2 ). The mucoid consistency of the virulent strain is attributed to the presence of the EPS, whereas the butyrous colonies of the avirulent strain are EPS deficient (1) . We also noted that on nutrient yeast glucose agar the mucoid colonies exhibited no tendency to flow.
Light microscopy. Using India ink as a background stain, we were able to readily distinguish the virulent strain of E. amylovora from the avirulent one. The virulent strain had a bright halo, which we attributed to the presence of EPS. The avirulent EPS-deficient strain had no visible halo (Fig. 3 and 4) .
Attempts to diminish the halo around the virulent cells by washing and centrifuging the cells four times failed. These observations suggest that a portion of the EPS is tightly bound to the surface of the bacterial wall. Biochemical and immunological work in our laboratory (1), however, has revealed that significant amounts of the EPS are recovered from four successive washings of bacteria that were grown on nutrient yeast glucose agar. Approximately 95% of that recovered is, however, removed by the initial washing in phosphate-buffered saline. These results suggest that two forms of EPS exist at the outer surface of the virulent cells of E. amylovora. One form is apparently tightly bound and may be considered as capsule per se, and the second approximates a free or loosely held component.
Transmission electron microscopy. When the virulent Eg strain of E. amylovora was removed from agar slants, stained with ruthenium red, incorporated into agar, prepared for thin sectioning, and examined in the electron microscope, it revealed only 5 to 10% of its cells surrounded-by capsule (Fig. 5) . The avirulent E8 is clearly capsule deficient (Fig. 6) . The we believe corresponds to the halo surrounding bacteria in the India ink preparations. Occasionally, electron micrographs of E. amylovora in infected host tissue reveal a similar fibrillar array (Fig. 15) .
Since the percentage of cells having a welldefined capsule was low in the previous experiment, we suspected that conventional preparation of the bacteria for thin sectioning precluded its clear visualization. Therefore, whole colonies ofEg and E8 that were grown submerged in agar were excised still completely embedded in agar. These were placed in a high-molarity cacodylate buffer (0.5 M), which, according to Calvert et al. (6) , aided in stabilizing the capsule, stained in ruthenium red (10 mg/ml), and processed for electron microscopy. This procedure succeeded in increasing the number of virulent cells, showing comprehensive capsular structure to 35 to 40%. However, the high molarity of the buffer caused severe plasmolysis of the bacterial protoplasts (Fig. 7) . Bayer and Thurow (2) reported some success in stabilizing capsules of.Escherichia coli with antisera. We followed their procedure and, although antiserum to whole cells of Eg influenced capsular structure, it failed to stabilize it; instead, it caused a collapse of the capsule, which also obscured cell wall structural detail (Fig. 8) .
Scanning electron microscopy. To improve our visualization of bacterial capsule, whole colonies of Eg and E8 grown on agar were plunged into liquid nitrogen, lyophilized, and examined by scanning electron microscopy (27) . At both high and low magnification, the upper surfaces revealed barely perceptible differences.
Both were smooth and appeared to be coated with a comparatively thin film that permitted discernment of the individual cell outlines. However, the underside of the colonies appeared as stalactites suspended from the colony inner surface ( Fig. 9 and 10) . At low magnification (x2,000) the avirulent E8 bacterial outline was detectable, whereas the virulent E9 cells were largely obscured, apparently by EPS. Further, the stalactite-like projections of Es were longer and showed more frequent cross-linkages between "stalactites." Differentiation between these Es and E8 cells at higher magnification (x20,000) was possible. Figures 11 and 12 reveal fibrillar arrays, ostensibly EPS, at the periphery of the virulent E9 cells, whereas the avirulent E8 bacteria had mainly smooth surfaces and only occasional comparatively thick fibrils between adjacent cells.
Scanning electron micrographs of Es and E8 cells in 24-h-old colonies that were fixed with glutaraldehyde, exposed to graded series of ethanol and amyl acetate, and then critical-point dried revealed still other surface conformations.
The surfaces of the virulent bacteria (Fig. 13) showed a wool-like outer covering, with occasional thick similarly covered fibers. The avirulent bacteria (Fig. 14) were smooth and occasionally dimpled (perhaps a preparation-induced artifact), but also had occasional smooth strands between cells that appear to be flagellae. DISCUSSION When the virulent Es strain of E. amylovora was removed from agar slants, stained with ruthenium red, incorporated into agar, prepared for thin sectioning, and examined in the electron microscope, it revealed only 5 to 10% of its cells surrounded by capsule (Fig. 5) . This capsule appears to be comprised of fine fibrillar material which corresponds to the halo surrounding bacteria in the India ink preparations. We regard the halo detected by light microscopy of India ink-treated Es cells as reflecting the presence of capsular (tightly held) EPS. Our inability to detect capsular EPS by bioassay (13) , biochemically or immunologically on E* (1) , is supported by the absence of halo in Fig.   3 .
The scanning electron micrographs (Fig. 11 Our inability to detect the fibrillar array of capsular material (Fig. 5, 7 , and 15) on all EF cells has also been experienced by others (2, 5, 6, 11, 18) and requires some explantation. A purified, highly specific (absorbed) antiserum was shown to stabilize capsular EPS (6) . Other procedures have been partially successful in stabilizing the capsule, as extended fibrils or a network of fibrils ( Fig. 7 and 11 ). These orientations appear in a variable fraction of the bacteria examined in our preparations. If we interpret this to mean that only some cells produce the adhering capsule, how then do we explain the nearly 100% of Es cells treated with India ink exhibiting the halo (Fig. 3) ?
We propose the hypothesis that preparing the bacteria by any of the procedures reported herein results in some capsule distortion. For example, it seems that dehydration of the bacterial mass by a graded series of alcohols causes the capsule about many cells to collapse (Fig. 7) to a thin film. Attempts to stabilize the capsule by cross-linking the fibrils with antiserum and ruthenium red have been only partially successful at best. On the basis of the size of the halo, and the fact that essentially all E9 cells display it in water, it would seem that any treatment that alters the water content or water relationship in the hydrophilic EPS results in serious distortion (17) . The rather unique "staining" of polysaccharide by ruthenium red is probably due to its ability to form tetra and octahedral complexes, especially with NO and CO groups. The carbonyl groups of EPS of E9 are probably those of pyruvate, which approximate 7% of the dry weight of EPS (A. Karr, personal communication).
Our scanning electron micrographs and observations of the fluidity of capsular material sug-APPL. ENVIRON. MICROBIOL. gest that the Es bacteria, both singly and in colony form, produce excess polysaccharide that is nonadhering. It is this polysaccharide that we have been able to detect in washes of agar-grown bacteria and that in the literature is referred to as slime. Our concept of the two forms of EPS is presented in Fig. 16 . We have also determined that the adhering and nonadhering EPS are immunologically very similar, if not identical (1) .
It is, perhaps, premature to accurately describe the manner in which either of these two forms of EPS mediates pathogenesis. That the EPS may mask certain surface antigens that evoke in vivo agglutination of the bacteria may be inferred from our previous publication (15). However, it is possible that EPS plays a direct toxigenic role in host tissue wherein it provokes parenchyma cell plasmolysis and xylem vessel occlusion (14) . In the latter, it is hypothesized that the parenchyma cell, or vessel walls per se, may release substances from their surfaces (perhaps galactans) that react with bacterial EPS to form a gel (20) . Gel formation may, in turn, be responsible for the occlusion of xylem vessels and the wilt symptom characteristic of the disease caused by E. amylovora. There is also evidence that characterizes the EPS on Rhizobium species as a specific recognition factor for lectins on the surfaces of roots of legumes (9) .
